Nishide S, Hashimoto K, Nishio T, Honma K, Honma S. Organspecific development characterizes circadian clock gene Per2 expression in rats. Am J Physiol Regul Integr Comp Physiol 306: R67-R74, 2014. First published October 16, 2013 doi:10.1152/ajpregu.00063.2013.-To explore developmental changes in circadian organization of central and peripheral oscillators, circadian rhythms in clock gene expression were examined in 12 organs in transgenic rats carrying a bioluminescence reporter for Per2. Organ slices were obtained from different developmental stages starting at postnatal day 5 and tissue was cultured for more than 6 days. In addition, four organs were examined from embryonic day 20. Robust circadian rhythms in bioluminescence were detected in all organs examined. The circadian period in vitro was specific to each organ and remained essentially the same during development. The circadian peak phase on the first day of culture was significantly different not only among organs but also in the same organ. Three patterns in circadian phase were detected during development. Thus, during development, circadian phase did not change in the suprachiasmatic nucleus, adrenal gland, and liver, whereas delay shifts were seen in the pineal, lung, heart, kidney, spleen, thymus, and testis. Finally, circadian phase advanced at postnatal day 10 -15 and subsequently delayed in skeletal muscle and stomach.Circadian amplitude also showed developmental changes in several organs. These findings indicate that the temporal orders of physiological functions of various organs change during development. Such age-dependent and organ-specific changes in the phase relationship among circadian clocks most likely reflect entrainment to organ-specific time cues at different developmental stages. circadian rhythm; clock gene; ontogeny; suprachiasmatic nucleus; peripheral clock IN MAMMALS, the central clock in the suprachiasmatic nucleus of the hypothalamus (SCN) plays a crucial role in entrainment to light-dark cycles (24). On the other hand, peripheral organs also have self-sustained circadian clocks (14, 29). The SCN entrains the peripheral clocks via neuronal (2, 26) and/or humoral (16, 31) mechanisms thereby integrating circadian organization within the body. The fetal SCN shows circadian rhythms that are entrained by maternal rhythms (15, 25) . After birth, timing of maternal care acts as a strong time cue for the pup's circadian clock (15, 27, 30) , and this zeitgeber is replaced by light entrainment at around postnatal day (P) 5 (6, 17). The first detection of the circadian oscillation in rat peripheral clocks differs among organs and genes (20, 22) . Furthermore, the circadian Per1 expression rhythms of some peripheral organs are known to phase shift during development (28), whereas clock gene expression rhythms in the SCN do not (11, 15) .
IN MAMMALS, the central clock in the suprachiasmatic nucleus of the hypothalamus (SCN) plays a crucial role in entrainment to light-dark cycles (24) . On the other hand, peripheral organs also have self-sustained circadian clocks (14, 29) . The SCN entrains the peripheral clocks via neuronal (2, 26) and/or humoral (16, 31) mechanisms thereby integrating circadian organization within the body. The fetal SCN shows circadian rhythms that are entrained by maternal rhythms (15, 25) . After birth, timing of maternal care acts as a strong time cue for the pup's circadian clock (15, 27, 30) , and this zeitgeber is replaced by light entrainment at around postnatal day (P) 5 (6, 17) . The first detection of the circadian oscillation in rat peripheral clocks differs among organs and genes (20, 22) . Furthermore, the circadian Per1 expression rhythms of some peripheral organs are known to phase shift during development (28) , whereas clock gene expression rhythms in the SCN do not (11, 15) .
Peripheral clocks are reset by external as well as internal cues, such as ambient temperature (3, 19) , feeding (4, 23) , and glucocortioids (1, 16) . In the present study, to determine the developmental changes in the circadian timing system composed of the central and peripheral clocks, we examined the phase relationship of rhythms in peripheral organs to the SCN pacemaker from embryonic stage to adulthood by measuring Per2 expression rhythms using a luciferase reporter. The results demonstrate age-dependent and organ-specific changes in the phaserelationships among peripheral clocks, suggesting developmental changes in the circadian organization in rats.
MATERIALS AND METHODS
Animals. Transgenic Wistar rats were used for monitoring Per2 expression by means of destabilized luciferase reporter gene (Per2-dLuc rat, obtained from Dr. Shigeyoshi) (8, 30) . Per2-dLuc rats were crossed once with wild-type Wistar rats (Charles River Japan, Yokohama, Japan); thereafter, Per2-dLuc animals were selected by high bioluminescence level of tail tissue (PicaGene, Wako Pure Chemical, Osaka, Japan) as well as PCR genotyping. Transgenic rats were crossed over 20 generations in Hokkaido University. Rats were reared in our animal quarters where environmental conditions were controlled (temperature 22 Ϯ 2°C, humidity 60 Ϯ 5%, 12-h light and 12-h dark with lights on at 06:00 -18:00). Lights were supplied with fluorescent tubes and the light intensity was about 100 lux at the surface of the cage. Commercial chow and tap water were available ad libitum. We used male homozygote and heterozygote Per2-dLuc rats in this study. The day of sperm-positive vaginal smear was designated as embryonic day 0 (E0) and the day of birth was defined as P0 (E22). The animals were kept in polycarbonate cages (345 mm ϫ 403 mm ϫ 177 mm, CREA) and pups were weaned at P21. All animal experiments were performed in accordance with "Guidelines for the Care and Use of Laboratory Animals" in Hokkaido University with the permission No. 08-0250 from the Committee for Animal Experimentation in the Hokkaido University.
Organ slice culture and bioluminescence measurement. The SCN, pineal, lung, heart, abdominal muscle, adrenal gland, kidney, liver, spleen, thymus, testis, and stomach were cultured as described previously (14) . Briefly, samplings of tissues and organs were taken at around the middle of light phase. A set of organs was collected from each animal and placed in an ice-cold Hanks' balanced salt solution (pH7.4, Sigma-Aldrich, St. Louis, MO). For preparing cultures from fetal tissues, mother rats were anesthetized with ether at gestational day 20, and the fetuses were placed in the Hanks' balanced salt solution. Organ slices from a single animal were prepared in 20 to 30 min. A coronal brain slice of 300-m thick, including the middle portion of the SCN, was prepared with Microslicer (Dosaka, Osaka, Japan) and a paired SCN was dissected at the dorsal and lateral border of the nuclei using a surgical knife. The pineal and adrenal glands were cut by a surgical knife into two pieces. The testis was cut and the seminiferous tubule was removed for culture. Other peripheral organs were prepared into 300-m thick slices by Tissue chopper (McIlwain, Surrey, UK). The slices were composed of cardiac ventricular muscle of the heart, both cortex and medulla of the kidney, and the glandular region of the stomach. They were dissected into ϳ2 ϫ 2 mm under stereomicroscope. The slices were explanted on a culture membrane (pore size 0.4 m, Millicell CM, Millipore, Billerica, MA) in a 35-mm Petri dish and cultured at 37°C with 1.3 ml DMEM (GIBCOInvitrogen, Carlsbad, CA) supplemented with 0.1 mM D-luciferin K salt (DOJINDO, Kumamoto, Japan), NaHCO 3 (2.7 mM), HEPES (10 mM), kanamycin (20 g/ml, GIBCO), insulin (5 g/ml, SigmaAldrich), putrescine (100 M, Sigma-Aldrich), human transferrin (100 g/ml, Sigma-Aldrich), progesterone HBC complex (2.3 g/ml, Sigma-Aldrich), and sodium selenite (30 nM, GIBCO). The dishes were placed on a luminometer (AB2500 Kronos, ATTO, Tokyo, Japan), and bioluminescence was measured for 1 min at 10-min intervals.
Analyses of bioluminescence data. The peak phase and amplitude of circadian bioluminescence rhythms were calculated after raw data were detrended and smoothed as described previously with a minor modification (13) . Briefly, detrended data were obtained by a 24-h moving average subtraction method and were further smoothed by a five-point moving averaging. The circadian rhythm of Per2-dLuc expression was evaluated by chi-square periodgram using the detrended data from the first 6 to 8 days (P Ͻ 0.01, CLOCKLAB software, Actimetrics, Wilmette, IL). The day of slice preparation was defined as culture day 0 (C0) and the circadian peak located between Zeitgeber time 0 (ZT0), and ZT24 on C1 of detrended data was defined as the first peak. The time of lights on of animals' previous light-dark (LD) cycles was defined as ZT0. When no circadian peak was detected on C1, the peak phase of C1 was determined by backward extrapolation of the circadian peaks appearing following days. When Per2-dLuc rhythms showed two or more peaks in a day, the circadian peak that continued in following days was selected as the peak on C1. Direction of phase shifts was defined so that the shift was within 12 h.
The circadian amplitude was defined as the difference between the first peak and following trough values. The amplitude of circadian Per2-dLuc rhythms was standardized by dividing it with the peak level, because the amplitude of the bioluminescence rhythm was strongly and positively correlated with the bioluminescence value of circadian peak in all the examined tissues and organs ( Fig. 1) (13) .
Experimental procedure. In the first series of experiments, the circadian rhythms of the SCN, lung, liver, and kidney were measured at E20 (n ϭ 5, from 3 litters), P5 (n ϭ 4, from 1 litter), P12 (n ϭ 4, from 2 litters), P19 (n ϭ 4, from 2 litters), P26 (n ϭ 6, from 3 litters), and in adults at 7-25 wk (n ϭ 5).
In the second series of experiments, the circadian rhythms of the SCN, pineal, lung, heart, muscle, liver, adrenal, kidney, spleen, thymus, testis, and stomach were measured at P5 (n ϭ 6, from 2 litters), P10 (n ϭ 6, from 2 litters), P15 (n ϭ 3, from 1 litter), and in mature adults at 12 wk (n ϭ 4).
Statistics. Developmental changes in the circadian phase, amplitude, and period were evaluated by one-way ANOVA with post hoc Tukey-Kramer tests (Origin, OriginLab, Northampton, MA). Differences between the two experiments in the four tissues (SCN, lung, kidney, and liver) at two time points (P5 and adults) were compared using a two-way ANOVA with post hoc Tukey-Kramer tests.
RESULTS
Developmental change of circadian Per2-dluc rhythm in the SCN, lung, kidney, and liver from E20 to adulthood. Figure 2 illustrates representative profiles of circadian Per2-dLuc rhythms in cultured slices containing the SCN, lung, kidney, or liver on E20, P5, P19, and adulthood. Robust circadian rhythms were detected in all organs cultured from E20 through adulthood, which were confirmed by chi-square periodogram. Some cultures were arrhythmic and were excluded from the analyses. The peak phases on the first culture day in E20 were similar among organs except the SCN but were different among the organs after birth. The peak phase did not show significant changes in the SCN and liver, whereas the circadian peak exhibited marked shifts in the lung and kidney during development. Figure 3 summarizes the peak phases at different developmental stages (E20, P5, P12, P19, P26, and adulthood). The peak phase did not change across these stages in the liver. In the SCN, the peak phase showed slight but significant developmental change (P ϭ 0.010, F ϭ 4.063, df ϭ 5, one-way ANOVA), with adult SCN significantly advanced compared with E20 (P ϭ 0.009, post hoc Tukey-Kramer test). However, from P5 afterwards, significant differences were not detected among the peak phases in the SCN. By contrast, the Per2-dLuc rhythms in lung and kidney showed marked phase-delay shifts during postnatal development (lung; P ϭ 1.65 ϫ 10
Ϫ11
, F ϭ 52.675, df ϭ 5, kidney; P ϭ 4.54 ϫ 10 Ϫ12 , F ϭ 65.159, df ϭ 5, one-way ANOVA). In the lung, the mean circadian phase showed a significant delay at P19 (5.3 h) and at P26 (13.4 h) compared with that of E20. The peak phase at P26 was significantly different from that of P19 (P ϭ 2.45 ϫ 10 Ϫ5 , post hoc Tukey-Kramer test) but not from adulthood. In the kidney, the circadian peak phase delayed with a significant difference between P12 (delay of 5.3 h) and E20 (P ϭ 0.016, post hoc Tukey-Kramer test) and between P26 (7.3 h) and P19. Significant differences were not detected between circadian phases at P12 and P19 or between those at P26 and adulthood.
The circadian amplitude also changed significantly during development in all organs except in the liver (Fig. 4) . The standardized amplitude increased until it reached a plateau at P12 in the SCN and kidney. The amplitude also increased up to P12 in the lung but decreased after P26. In contrast, the amplitude in the liver did not change significantly during development.
Developmental change of circadian Per2-dluc rhythm in 12 organs from P5 to adulthood. We further examined postnatal change in Per2-dLuc rhythms in 12 organs: SCN, pineal, lung, heart, muscle, adrenal, kidney, liver, spleen, thymus, testis, and stomach. Figure 5 illustrates representative profiles of circadian Per2-dLuc rhythms in cultured slices of P5 pups and adults. Robust circadian rhythms were detected in all organs at P5 and afterwards, which were confirmed by chi-square periodogram. The peak phase was different among the organs at P5 as well as in adulthood and showed differential developmental change. Figure 6 summarizes the peak phases at different developmental stages (P5, P10, P15, and adulthood). The peak phases in the SCN, lung, kidney, and liver generally replicated results from the first experiment. The peak phase did not change in the SCN and liver and showed phase-delay shifts in the lung and kidney. Statistically significant differences were not detected in the peak phases between the two experiments except in the lung at P5 (P ϭ 0.033, F ϭ 5.613, two-way ANOVA, P ϭ 0.031, post hoc Tukey-Kramer test). In addition to the SCN and liver, the peak phase also did not change in the adrenal gland at the stages examined. Significant developmental change was detected in the rest of organs. The circadian peak showed phase-delay shifts during development at P10 in the pineal, heart, kidney, spleen, and testis, and in adulthood in the lung, heart, kidney, spleen, thymus, and testis. The circadian peaks of the muscle and stomach showed a phase-advance shift at P10 and P15, respectively, and thereafter showed a phase delay. The circadian amplitude also showed organ-specific and developmental stage-dependent changes (Fig. 7) . The developmental changes in amplitude were essentially the same as the first experiment in the SCN, lung, and kidney. Statistically significant differences were not detected in any circadian amplitude between the two experiments. The amplitude increased up to P10-P15 in the lung, muscle, and kidney, while it increased to adulthood in the stomach. By contrast, the amplitude decreased during development in the liver and spleen. The amplitude did not change significantly in the pineal, heart, adrenal, thymus, and testis.
Circadian period in vitro during development. The circadian periods in the cultured organ slices were calculated from the first four cycles in culture ( Table 1 ). The circadian periods did not change significantly throughout development, except for the SCN (P ϭ 0.034, F ϭ 3.021, df ϭ 5, one-way ANOVA) in the first experiment, and the testis (P ϭ 0.009, F ϭ 6.879, df ϭ 3) in the second experiment. In the SCN, the circadian period tended to be short early in life. Statistically significant differences were not detected in any circadian period between the two experiments.
DISCUSSION
The present study clearly demonstrates that the circadian Per2-dLuc rhythms phase shift in an age-dependent, organspecific manner, indicating a significant alteration of phase relationships among the organs. These phase shifts are most likely due to entrainment by different time cues at different developmental stages, as the circadian period in each peripheral clock did not change substantially during development. Importantly, the peak phase of the SCN circadian rhythm did not change during postnatal development. This finding indicates that the SCN circadian pacemaker is not the sole internal time cue mediating local time signals to the peripheral clocks. Thus the circadian organization of rats, composed of the central clock in the SCN and peripheral clocks in various organs, also changes during development.
In the present study, there were three types of developmental changes in circadian phase: 1) no significant changes, as was the case in the SCN, adrenal gland, and liver; 2) phase-delay shifts at around P10 and/or adulthood, as observed in the pineal, lung, heart, kidney, spleen, thymus, and testis; and 3) phase-advance followed by phase-delay shifts, as observed in the muscle and stomach. Changes in circadian phase during development are most likely due to altered entrainment of the circadian rhythm to new time cues at a new developmental stage. Indeed, circadian rhythms in peripheral organs are known to be entrained by nonphotic time cues such as restricted daily feeding (4, 23) and ambient temperature (3, 19) . Asterisks indicate significant differences from the phase at E20 (*P Ͻ 0.05, **P Ͻ 0.01, post hoc Tukey-Kramer test). All of the examined tissues showed significant rhythmicity except for 1/5 of E20 SCN, 1/6 of P26 kidney, and 1/5 of E20 liver.
During early postnatal development, nursing mothers provide a strong time cue for their pups before photic entrainment is established (15, 27, 30) . The transition from nonphotic maternal entrainment to photic entrainment occurs around P5 (6, 17) . Therefore, the phase shifts detected at P10 could reflect the change from nonphotic to photic entrainment. On the other hand, feeding patterns of pups are known to change at around P14 to P21 from sucking milk to eating food pellets, which could alter the functions of organs involved in digestion (5, 28) . This change of feeding behavior is the most probable causes of change in the circadian phase after weaning. Sympathetic innervations in the heart appear in the first postnatal week and isotropic response becomes evident in the third postnatal week (18) . Humoral and neural signals and the responsiveness to them also show organ-specific developmental change. Glucocorticoids are known to reset various peripheral clocks (1), but circadian corticosterone rhythms were detected in plasma after the third postnatal week: first with secondary morning peaks that disappear at the fourth postnatal week (9) . In addition to developmental change in the response to new entraining time cues, changes in the structure and function of organs during development could also explain the present results. For example, remodeling of interalveolar wall in rat lung occurs during the third postnatal week (21) . Dramatic morphological changes also take place in the kidney postnatally both in cortex and medulla, and remodeling of the extracellular matrix occurs twice at ϳP10 and ϳP20 (10, 12). Replacement of a major tissue by another may change the predominant circadian rhythm in the organ.
The present study is the first demonstration of circadian Per2-dLuc rhythms in the lung, liver, and kidney of fetal rats. Here, rhythms were as robust as those in the neonatal tissues at P5. In these organs, the circadian peak phases were almost the same as those in the organs harvested at P5 or P12. The same was true for circadian rhythms in the SCN. These findings indicate that time cues in the uterus and during neonatal periods are not substantially different and further suggest the predominant role of maternal circadian rhythms in resetting the neonate and fetal circadian clocks. Circadian rhythms in the pineal gland were different from the SCN, showing a phase shift from P5 to P10. Pineal circadian rhythms are strongly controlled by the SCN circadian clock in adult rats but not in the early neonatal period when the neural pathway from the SCN to the pineal is not yet established (7) . The phase shift of the pineal circadian rhythm is probably due to the shift from nonphotic to photic entrainment via the SCN circadian pacemaker. Circadian rhythms in many peripheral organs examined showed a two-step change in the peak phase, which could also reflect the shift from nonphotic (maternal) to photic entrainment and changes in behaviors after weaning. Interestingly, the circadian rhythms in the liver did not change their peak phase during development despite being deeply influenced by feeding behavior. The circadian rhythms in the liver are known to be reset by circulating corticosterone released from the adrenal gland (1, 16), the circadian rhythms of which also did not change during development. However, the possibility that the culturing process affects the circadian phase of peripheral clocks of neonatal and juvenile rats cannot be completely excluded. The present results demonstrate that the circadian organization regulating the temporal orders of physiological functions changes organ specifically during development. The physiological significance of these changes would be an interesting target for further studies. The phases show significant developmental changes in the pineal, lung, heart, muscle, kidney, spleen, thymus, testis, and stomach (a and b: P Ͻ 0.05 and 0.01, respectively, one-way ANOVA). Asterisks indicate significant differences from the phase at P5 (*P Ͻ 0.05, **P Ͻ 0.01, post hoc Tukey-Kramer test).All of the examined tissues showed significant rhythmicity except for 1/6 of P5 pineal, 1/6 of P5 lung, 2/6 of P5 heart, 1/6 of P10 heart, 4/7 of adult heart, 1/6 of P5 thymus, 1/4 of P5 testis, 1/6 of P10 testis, and 1/4 of adult testis.
There are some inconsistencies in the literature with respect to the ontogeny of circadian Per2 expression rhythm in peripheral organs. Day-night differences in Per2 expression in rats were reported to appear in the heart first at P14 and in the liver at P20 (20, 22) . These differences could be due to the sensitivity of the assay method used. The bioluminescent reporter employed in the present study is highly sensitive to detect circadian rhythms.
Interestingly, substantial differences exist in the developmental time course in circadian rhythms of Per1 and Per2 expression in peripheral organs. Yamazaki et al. (28) reported developmental changes of circadian phases in Per1 expression rhythms in the SCN and five peripheral organs using Per1-luc rats. The circadian rhythm in Per1-luc showed similar developmental patterns to the Per2-dLuc rhythms in the SCN, adrenal, and pineal. On the other hand, the circadian phases of liver and lung showed distinct differences between the two genes. Per1-luc rhythms in the liver phase shifted significantly around P22, whereas Per2-dLuc rhythms remained unchanged (Fig. 3) . The circadian rhythm in the lung did not appear until P10 for Per1-luc, while already exists in fetuses for Per2-dLuc. These differences could be due to the difference in the reporter system used but are more likely due to the differences between cell populations that express either Per1 or Per2.
The amplitude of circadian Per2-dLuc rhythms was strongly and positively correlated with the peak value. Therefore, by standardizing the amplitude by dividing it with peak value, we could compare the amplitude of tissues of different developmental stages, tissue conditions, and genotypes (homozygote or heterozygote). In half of the peripheral organs, the amplitude of the circadian rhythm showed postnatal changes and reached an adult level at around P15. On the other hand, the circadian amplitude decreased in the liver and spleen during development. However, it is not known whether these measures truly reflect the amplitude of circadian oscillation or are the result of other changes. Cellular structures are known to be remodeled in some organs (10, 12, 21) ; therefore, the observed differences could be due to the development of cellular components with different Per2 expression levels. Alternatively, they may simply reflect developmental changes in intracellular conditions that influence bioluminescent reactions, such as pH, turnover of proteins, or changes in cell densities.
Perspectives and Significance
In conclusion, the circadian clocks in several peripheral organs change their phase relation to the environment during development, which is probably due to entrainment to new time cues appearing at particular developmental stages. As a result, the circadian system is reorganized, which may have specific roles in physiology at respective ages. The SCN circadian clock mediates the environmental light cycle to the peripheral clocks but other time cues may directly reset these clocks.
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